Introduction
Introduction
The endoplasmic reticulum (ER) is recognized as an organelle that participates in the folding of secretory and membrane proteins [1, 2] [1] [2] [3] [4] . The persistent accumulation of these misfolded proteins beyond the capacity of ER function causes cellular dysfunction and cell death in several human disorders [1] [2] [3] [4] . Emerging evidence indicates that a variety of diseases, such as diabetes mellitus, is related to ER stress [5] [6] [7] . Furthermore, there were reportedly tissue differences for ER stress induction by insulin resistance [8] .
. A variety of conditions, including infection, nutrient deprivation (such as the absence of glucose) as well as nutrient excess (such as the overabundance of lipids or glucose), alterations in ER lumenal Ca 2ϩ or redox status, and toxic chemicals, can disrupt protein folding reactions in the ER. These conditions are collectively referred to as ER stress [1-3]. ER stress leads to accumulation of unfolded proteins in the ER, which in turn evokes the unfolded protein response (UPR). This response attempts to reduce the amount of unfolded proteins by inducing production of the ER chaperones, such as 78 kD and 94 kD glucose-regulated protein (GRP78 and GRP94) that promote protein folding, and by reducing general protein synthesis and enhancing the degradation of misfolded proteins via a ubiquitin-proteasome system termed ER-associated degradation
Several studies indicated the involvement of ER stress in heart diseases [5, [9] [10] [11] , but whether ER stress is also involved in diabetic cardiomyopathy (DCM) remains unclear. DCM, a leading cause of death for diabetic patients, is caused by multiple pathogenic factors including hyperglycaemia, hyperlipidaemia, hypertension and systemic and cardiac inflammation [12] [13] [14] . However, a pivotal contributor to the pathogenic changes of DCM was considered as the oxidative stress [12, 14] . Metallothionein (MT) as a potent antioxidant was found to protect the heart from type 1 [15] [16] [17] [18] . In terms of the cellular mechanisms involved in the prevention of MT against DCM, we found that MT protected the heart from diabetes mainly through inhibition of diabetic cardiac cell death [17, 19] . However, it is unclear how diabetes can induce cardiac cell death.
Studies have demonstrated the involvement of oxidative stress in ER stress [6, 20, 21] . As a potent antioxidant MT is upregulated in response to ER stress [22] , suggesting that MT may act as an adaptive mechanism to protect cells from ER stress. Therefore, we suggested that ER stress may occur in the diabetic hearts and contribute to cardiac cell death that initiates DCM as observed in our previous studies [17, 19, 23] [16, 17] [16] or an antioxidant N-acetyl-cysteine (NAC) at 100 M for 24 hrs [27, 28] [16, 27, 28] . [17, 19] .
Materials and methods

Animal models
MT-TG were produced from WT (Friend virus B, FVB) mice originally obtained from Harlan Bioproducts for Science (Indianapolis, IN, USA) and characterized in previous studies
Western blotting assay
MT measurement
MT expression was detected by a modified Western blotting protocol [29] . [29, 30] . (Fig. 1A, B) . Cleaved ATF6 protein was significantly increased both at 2 weeks and 2 months, but not at 5 months (Fig. 1C) . In contrast to the above changes, GRP78 protein level was increased in the heart of diabetic mice at all three time-points with the highest expression at 2 weeks after diabetes (Fig. 1D ). More importantly, none of these increased ER chaperones in the hearts of WT diabetic mice were observed in the heart of MT-TG diabetic mice (Fig. 1 ). Kondoh et al. has shown the induction of hepatic MT in response to ER stress [22] . We next examined whether diabetic ER stress also induced MT synthesis in the heart. Western blotting assay revealed that diabetes induced a significant increase in MT contents of heart from 2 weeks to 5 months with a rapid increase at 2 weeks and then gradually decreased until 5 months after diabetes, but it remained significantly higher than control levels (Fig. 2) [17, 19] . However, there was no apoptotic cell death in the hearts of MT-TG diabetic mice (Fig. 3) . To determine whether the cardiac cell death is ER stress-mediated, CHOP protein expression (Fig. 3C ) and caspase-12 cleavage (Fig. 3D) Fig. 1 (Fig. 3C, D) . (Fig. 4) . (Fig. 4A), cleaved ATF6 (Fig. 4C) and GRP78 (Fig. 4D ), but not GRP94 (Fig. 4B) . The up-regulated ER chaperone proteins by Ang II were not observed in the heart of MT-TG mice (Fig. 4) . Correspondingly, Ang II also significantly induced cardiac MT synthesis and cardiac cell death only in the WT mice (Fig. 5A, B) , as observed in the hearts of diabetic mice (Figs. 2, 3) . The association of Ang II-induced cardiac cell death with ER stress was also favoured by significant increases in CHOP protein expression and caspase-12 activation (Fig. 5C, D) .
Statistical analysis
Diabetes-induced cardiac MT up-regulation
Fig. 3 Diabetes-induced cardiac cell death. Animal treatments and tissue collections are same as those described in
. Cardiac apoptotic cell death was examined by TUNEL staining for apoptotic cells (A) and also by Western blotting analysis for cleaved caspase-3 (B) and caspase-12 (C) and CHOP expression (D). Experimental data were presented as means Ϯ S.D. (n ϭ 5 at least for each group). *, P Ͻ 0.05 versus control.
WT diabetic mice at 2 weeks, but not at 2 and 5 months after diabetes onset, suggesting the association of diabetesinduced cardiac cell death with ER stress. The ER-stress-mediated cardiac cell death was not seen in the heart of MT-TG diabetic mice
MT protection against Ang II-induced cardiac ER stress, MT synthesis and cell death
To examine whether Ang II as an important pathogenic factor for DCM is also able to induce ER stress, MT induction and cardiac cell death, both MT-TG and WT mice were intraperitoneally given Ang II at 1 mg/kg. Seven and 24 hrs after Ang II infusion, cardiac ER chaperone proteins were examined
Treatment of WT mice with Ang II significantly increased the expression of p-eIF2␣
MT protection against chemical ER stressor-induced cardiac ER stress, MT synthesis and cell death
To define the direct protection by MT from ER stress-mediated apoptotic cell death, both WT and MT-TG mice were administrated with tunicamycin (Tu) at 1.5 mg/kg, and 12 hrs later, cardiac ER chaperone proteins were examined. Western blotting
Fig. 4 Ang II-induced cardiac up-regulation of ER chaperones. Both MT-TG and WT mice were administered Ang II at 1 mg/kg and 7 and 24 hrs later cardiac ER stress were examined by Western blotting analysing the expression of ER chaperones p-eIF2␣ (A), cleaved ATF6 (B), GRP78 (C) and GRP94 protein (D). Experimental data were presented as means Ϯ S.D. (n ϭ 5 at least for each group). *, P Ͻ 0.05 versus control.
assay showed that proteins of p-eIF2␣ (Fig. 6A) , cleaved ATF6 (Fig. 6B) and GRP78 (Fig. 6C) all were significantly up-regulated, except for GRP94 protein (Fig. 6D) (Fig. 6) .
. Similar to the above experiments in diabetic and Ang II-infusion models, MT significantly prevented chemical ER stressor-up-regulated ER chaperone proteins
It is noted that chemical ER stressor also significantly induced cardiac MT synthesis (Fig. 7A) , as shown in the hearts of other ER-stress models (Figs 2 and 5A ). Cardiac cell death was significantly increased in the heart of Tu-treated WT mice, but not Tu-treated MT-TG mice, examined with Western blotting for caspase-3 activation (Fig. 7B ) and TUNEL assay (Fig. 7C) , and confirmed by CHOP protein expression (Fig. 7D) and caspase-12 cleavage (Fig. 7E) . [26] . Treatment with Ang II at 100 nM for 24 hrs significantly induced ER stress, shown by increased expressions of cleaved ATF6 (Fig. 8A) , p-eIF2␣ (Fig. 8B), GRP78 (Fig. 8C) and GRP94 (Fig. 8D ). All these ER-stress (Fig. 9A) , and CHOP protein expression (Fig. 9B) (Fig. 5C, D (Fig. 9A, B) , while same pretreatments did not have any effect on normal H9c2 cells and H9c2MT7 cells (Fig. 9A, B) . These results suggest that both ER stress and apoptotic effects caused by Ang II are mediated by oxidative stress, and also that MT protection against Ang IIinduced ER stress and associated apoptotic effects is most likely mediated by its antioxidant action.
Ang II-induced ER stress and associated cell death was attenuated by MT and antioxidants in cultured cardiac cells
In order to understand the molecular mechanisms underlying the protective role of MT in the heart against Ang II-induced ER stress-mediated apoptotic cell death, we used stable MT-IIA overexpressing H9c2MT7 cells that exhibited similar growth kinetics and morphology, but had a remarkable increased MT protein level as compared to the parent H9c2 cells
Cardiac MT contents were examined by Western blotting assay (A). Cardiac apoptotic cell death was examined by Western blotting analysis for the cleaved caspase-3 (B) and caspase-12 (C) and CHOP expression (D). Again in order to see whether there was MT induction in the hearts of MT-TG diabetic mice, the exposure time for the films to gels was significantly shorter for samples from MT-TG mice than those from WT mice; Therefore, MT expressions in MT-TG samples looks significantly low than diabetes-induced cardiac MT levels. Experimental data were presented as means Ϯ S.D. (n ϭ 5 at least for each group). *, P Ͻ 0.05 versus control. effects were not observed in H9c2MT7 cells, suggesting the protection of cardiac cells by MT from Ang II-induced ER stress. Treatment with Ang II at 100 nM for 24 hrs also significantly induced apoptotic cell death in H9c2 cells, measured by caspase-12 activation
, but not in H9c2MT7 cells. This in vitro finding is consistent with those of in vivo findings
Discussion
The present study provided the following innovative findings: (1) Diabetes induces cardiac ER stress along with induction of cardiac cell death; (2) 
ER stressor-induced cardiac cell death via suppression of cardiac ER stress; (4) Oxidative stress plays a pivotal role in Ang II-induced both ER stress and associated apoptotic effects and (5) MT protection against Ang II-induced ER stress and associated apoptotic effects are most likely mediated by its antioxidant action.
DCM is a chronic and complex pathogenesis, caused by abnormal cellular metabolism and defects in organelles such as myofibrils, mitochondria and sarcolemma [12] [13] [14] . Apoptotic cell death as an early cellular event in response to diabetes has been reported to play a critical role in the development of DCM [13, 17, 19] . [4, 37] . Therefore, these chaperons are up-regulated to activate both mitochondria-dependent and independent cell death pathways in response to different stresses [38] [39] [40] .
. Cardiac MT contents were examined by Western blotting assay (A). Cardiac apoptotic cell death was examined for the cleaved caspase-3 by Western blotting analysis (B) and apoptotic cells with TUNEL staining (C). Cleaved caspase-12 (D) and CHOP protein expression (E) were also examined by Western blotting assay. Experimental data were presented as means Ϯ S.D. (n ϭ 6 at least for each group
Consistent with the above concept, we have shown the induction of apoptotic cell death via mitochondria-cytochrome c release pathway in the heart of diabetic mice [19, 41] . In the present study, we further showed the up-regulated two of the three arms of ER stress signalling, PERK-and ATF6-mediated pathways. We found that one of PERK signalling members, eIF2␣ phosphorylation, was significantly increased in the heart of WT diabetic mice at 2 weeks after diabetes onset (Fig. 1A) , and cleaved ATF6 expression was also significantly increased in the heart of WT diabetic mice at both 2 weeks and 2 months after diabetes onset (Fig. 1C) (Fig. 3) . We also demonstrated the significant increases in GRP78 and GRP94 (Fig. 1) [19, 41] and present study).
Although both GRP78 and GRP94 protein up-regulation can be considered as an index of ER stress, these proteins can also act as an adaptive mechanism to protect the cells against stress-induced death [45] [46] [47] . We found that cardiac cell death mainly occur at 2 weeks after diabetes (Fig. 3) along with significant increases in eIF2␣ phosphorylation only at 2 weeks (Fig. 1) . We found that cleaved ATF6 was increased in the hearts of diabetic mice (Fig. 1) We also demonstrated that a significant and persistent upregulation of GRP78 as an adaptive and protective regulator was also significantly increase in the hearts of diabetic mice from 2 weeks until 5 months (Fig. 1C) (Fig. 2) . The response pattern of cardiac MT is exactly parallel with that of GRP78 (Fig. 1) . Consistent with this finding, MT and GRP78 were up-regulated in the heart of WT mice with Ang II infusion (Fig. 5A) or with chemical ER stressor (Fig. 7A) (Figs. 4A, B and 6A, B) . Interestingly, there was no increase in GRP94 protein in the heart of WT mice treated with either Ang II (Fig. 4D) or chemical stressor (Fig. 6D) . We do not have any explanation for this discrepancy in these three models for the up-regulation of GRP94, and complicated functions of GRP94 have been documented although it also acts as protective factor in certain cells [48] [49] [50] [51] .
It (Fig. 9) . Both oxidative stress and ER stress were implicated in the diabetic complications and a few studies have reported that accumulation of reactive oxygen species as the cause of ER stress [6, 20, 21] [53] , and Yan et al. also found that ER stress and UPR were attributable to oxidative stress [54] . To support these previous studies, a recent study showed that WT and MT-TG mice were received the GSH synthase inhibitor buthionine sulfoximine in drinking water for 2 weeks. Buthionine sulfoximine led to a robust decrease in the GSH and increased reactive oxygen species production, consolidating oxidative stress, along with cardiac ER stress and dysfunction in the WT mice, but not in the MT-TG mice [55] . Taken together, all these data suggested that MT is a potent antioxidant to protect cells and tissues from diabetes, Ang II and Buthionine sulfoximine (BOS) via suppression of reactive oxygen species accumulation [16, 17, 23, 55] . Therefore, MT protection against Ang II-induced ER stress and associated apoptotic effects is most likely mediated by its antioxidant property.
. For instance, Xue et al. demonstrated the induction of UPR by tumour necrosis factor-␣ in L929 cells via inducing reactive oxygen species accumulation
